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We report on rubidium vapor-cell Rydberg electromagnetically induced transparency (EIT) in a
0.7 T magnetic field where all involved levels are in the hyperfine Paschen-Back regime, and the
Rydberg state exhibits a strong diamagnetic interaction with the magnetic field. Signals from both
85Rb and 87Rb are present in the EIT spectra. This feature of isotope-mixed Rb cells allows us to
measure the field strength to within a ±0.12% relative uncertainty. The measured spectra are in
excellent agreement with the results of a Monte Carlo calculation and indicate unexpectedly large
Rydberg-level dephasing rates. Line shifts and broadenings due to small inhomogeneities of the
magnetic field are included in the model.
I. INTRODUCTION
Electromagnetically induced transparency (EIT) is a
quantum interference process where two excitation path-
ways in a three-level atomic structure destructively in-
terfere and produce an increase in the transmission of
one of the utilized laser beams [1, 2]. In the Rydberg-
EIT cascade scheme [3], the transparency is formed by
a coherent superposition of the ground state and the
Rydberg state. Rydberg-EIT has been implemented in
both cold atomic gases [4, 5] and in room-temperature
vapor cells [3, 6]. It has been widely used as a nonde-
structive optical detection technique for Rydberg spec-
troscopy [7, 8], quantum information processing [9] and
measurements of weak [10, 11] and strong [12, 13] mi-
crowave electric fields. Recently, EIT in vapor cells has
been employed to investigate Cs Rydberg atoms in mag-
netic fields up to ∼ 100 G [14] and Rb 5D5/2 atoms in
fields up to ∼ 0.6 T [15, 16].
In this work, we investigate Rydberg atoms in a 0.7 T
magnetic field. In magnetic fields B exceeding 2n4 at.un.
(for n = 33, B = 0.4 T), where n is the principal quan-
tum number, the diamagnetic term dominates and mixes
states with different angular momentum quantum num-
bers [17]. We employ the |33S1/2,mj = 1/2〉 Rydberg
state whose interaction with the B field includes a Zee-
man term (linear) and a diamagnetic term (quadratic).
In a 0.7 Tesla field, the diamagnetic interaction accounts
for about 70% of the differential magnetic dipole moment
of 3.06 µB. In this field, both the ground and intermedi-
ate states are in the hyperfine Paschen-Back regime, and
the energy separations between the magnetic states are
larger than the spectroscopic Doppler width.
We demonstrate that the presented method offers two
advantages in high-magnetic-field measurements. First,
the diamagnetic interaction gives rise to an enhanced dif-
ferential dipole moment, enabling measurement of small
magnetic field changes on a large magnetic field back-
ground. Second, simultaneous measurements of field-
induced level shifts for both 85Rb and 87Rb isotopes af-
fords high absolute accuracy in magnetic field measure-
FIG. 1. (color online) Calculation of the magnetic field B in
the x-z plane (a) and y-z plane (b). The filled black regions
represent the poles of the bar magnets. The open black square
represents the inner boundary of the spectroscopy cell. (c) Il-
lustration of the experimental setup, including an EIT chan-
nel and a saturation spectroscopy channel. The two channels
are separated in the y direction.
ments based on relative line separations.
II. EXPERIMENTAL SETUP
The experimental setup is illustrated in Fig. 1. The
magnetic field in our experiment is produced by two N52
Neodymium permanent magnets. The B field is calcu-
lated using a finite-element analysis software (ANSYS
Maxwell). Figures 1(a) and 1(b) show two cuts of the
magnetic field. A spectroscopic cell filled with a natu-
ral Rb isotope mixture is placed between the magnets.
In order to increase the optical absorption in the cell,
the cell temperature is maintained at ∼ 45 ℃ during the
measurements by heating both the cell and surrounding
magnets.
2The optical setup includes two measurement channels:
a Rydberg-EIT channel and a saturation spectroscopy
(Sat. Spec.) channel. As shown in Fig. 1(b) and 1(c),
the two channels are parallel to the x-axis and separated
by 1.85 mm in the y-direction. The Rydberg-EIT probe
beam is focused to a waist of ∼ 40 µm (1/e2 radius)
and has a power of ∼ 1 µW. The coupling beam has
a waist size of ∼ 100 µm and a power of ∼ 35 mW.
The polarizations of the coupling and probe beams are
both linear and parallel to the magnetic field along z.
During the experiment, both probe beams in the two
channels are frequency-modulated by the same acousto-
optical modulator. The saturated absorption signals are
demodulated and used to lock the EIT probe beam to
one of the 5S1/2 to 5P3/2 transitions shown in Fig. 2(a).
The frequency of the Rydberg-EIT coupling laser is
linearly scanned over a range of 4.5 GHz at a repetition
rate of ∼ 1 Hz. The scans are linearized to within a
1 MHz residual uncertainty using the transmission peaks
of a temperature-stabilized Fabry-Perot cavity. Mean-
while, the coupler laser is chopped at 33 kHz. The EIT
transmission signals are recovered by a digital lock-in ref-
erenced to the chopping frequency.
III. RYDBERG-EIT SPECTRA IN THE
HIGH-MAGNETIC-FIELD REGIME
In a magnetic field of∼ 1 T, all atomic energy levels in-
volved in the Rydberg-EIT cascade scheme are shifted by
up to several tens of GHz. The relevant ground- (5S1/2)
and intermediate-state (5P3/2) energy levels and calcula-
tions of their field-induced shifts are plotted in Figs. 2(b)
and 2(c). In order to frequency-stabilize the EIT probe
laser to a 5S1/2 to 5P3/2 transition in the strong mag-
netic field, we implement a saturation absorption mea-
surement using the Sat. Spec. channel, as illustrated in
Fig. 1. The right panel of Fig. 2(a) shows the measured
saturated absorption signals. Over the displayed probe
frequency range, the spectrum consists of four 87Rb lines
(peaks 1, 2, 4, and 5) and a 85Rb line (peak 3). Note
that in the Paschen-Back regime cross-over dips are not
present, because the mI quantum number is conserved
in all optical transitions, and the separations between
fine structure transitions with different mj exceed the
Doppler width.
Due to the differences in the hyperfine coupling of 87Rb
and 85Rb (e.g. magnetic dipole coupling strength, elec-
tric quadrupole coupling strength, nuclear spins and iso-
tope shifts), the energy-levels of each isotope exhibit dif-
ferent shifts in the strong field. This leads to magnetic-
field-dependent frequency separations δ23 between peaks
2 and 3, and δ34 between peaks 3 and 4 in the spectrum.
The ratio δ34/δ23 is fairly sensitive to the magnetic field.
Using this feature, which relies on the presence of both
isotopes in the cell, we determined the magnetic field
strength sampled along the Sat. Spec. channel to be
0.71 T. This is indicated by the vertical dashed line in
FIG. 2. (color online) (a) Saturation absorption signal in
a 0.71 T magnetic field versus probe frequency detuning
∆ωp(right panel) and calculated magnetic-field-induced level
shifts (left panel). The frequency is measured relative to the
magnetic-field-free 87Rb 5S1/2, F = 2 to 5P3/2, F = 3 tran-
sition. (b) Schematic of atomic energy levels for intermedi-
ate state and (c) ground state. The states are labeled by the
quantum numbersmi and mj (which are good quantum num-
bers in Pasch-Back regime). Energy levels of 85Rb and 87Rb
are shown in thin red and bold blue, respectively.
the left panel of Fig. 2(a). At the end of the scan range,
the peak positions deviate slightly from their locations
expected for 0.71 T. This is caused by a slight nonlinear-
ity of the mechanical-grating scan of the external-cavity
diode laser at the end of its scan range. This nonlinearity
does not affect the Rydberg-EIT experiment, discussed
in the next paragraph, because the probe laser is locked
to one of the transitions in Fig. 2(a) and has a fixed fre-
quency.
To investigate Rydberg-EIT in the high-magnetic-field
regime, we frequency-stabilize the pi-polarized EIT probe
laser to a |5S1/2,mj = 1/2,mi〉 → |5P3/2,mj = 1/2,mi〉
transition and access the |33S1/2,mj = 1/2,mi〉 Ryd-
berg state with a coupling laser of the same polarization.
Figures 3(a-f) show the Rydberg-EIT spectra measured
in a B field of 0.70 T. Each spectrum corresponds to a
different probe frequency, with the probe laser locked to
a different saturation absorption peak in Fig. 2(a). In
each spectrum, the EIT resonances are labeled by Greek
letters corresponding to different mi states of
85Rb and
87Rb in the cascade structure, indicated in Fig. 3(g-i).
For Rydberg-EIT measurements in a vapor cell, the
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FIG. 3. (color online) (a) to (f) EIT transmission signals for the EIT probe laser locked to peaks 1 to 5 in Fig. 2(a). The
shaded areas indicate the weighting due to the Maxwell velocity distribution (see discussion of Eq. (3)). Signals corresponding
to the same EIT transition are labeled with the same Greek letters in each spectrum. The coupling laser detuning is given
relative to peak γ in panel (c). The consecutive spectra are shifted such that shared EIT peaks are aligned, as determined
using cross-correlation functions of neighboring scans. Calculated energy level shifts in the Paschen-Back regime for the (g)
Rydberg, (h) intermediate and (g) ground states. The transitions corresponding to the EIT resonances in panels (a) through
(f) are indicated by vertical arrows and labeled with the same Greek letter. Transitions in 85Rb and 87Rb are coded with thin
red and bold blue lines, respectively.
width of the Maxwell velocity distribution of the atoms
needs to be considered, as well as the Doppler effect in-
duced by the wavelength mismatches of the probe and
coupler lasers [3]. It can be shown that, if an external
field shifts the ground, intermediate and Rydberg levels
by ∆Eg, ∆Ee, and ∆Er, respectively, the coupling laser
detunings, ∆ωc, at which the EIT resonances occur are
given by a linear combination of all three level shifts:
h¯∆ωc = ∆Er +
(
λp
λc
− 1
)
∆Ee−
λp
λc
(∆Eg + h¯∆ωp) (1)
where λp and λc are the wavelengths of the probe and
coupling lasers, and ∆ωp is the probe-laser detuning of
lower transition. The wavelength-dependent prefactors
are deduced by requiring resonance conditions on both
the lower and the upper transitions in the three-level cas-
cade structure.
The energy-level shifts ∆Eg, ∆Ee and ∆Er in Eq. 1
are plotted as a function of magnetic field in Figs. 3(g-i).
For S Rydberg states in Rb, which are non-degenerate
and fine-structure-free, the Rydberg level shift (in atomic
units) is given by [17]
∆Er =
msB
2
+
B2
8
〈nlml|rˆ
2 sin2 θˆ|nlml〉 , (2)
where n, l,ml, and ms are principal, angular momentum,
magnetic orbital and spin quantum numbers, respec-
tively. The coordinates r and θ are spherical coordinates
of the Rydberg electron (the magnetic field points along
z). The first term on the right hand side of Eq. 2 rep-
resents the paramagnetic term of the electron spin, and
the second term is the diamagnetic shift of the Rydberg
state. For |33S1/2,mj = 1/2〉 atoms in a 1 T field, the dif-
ferential dipole moment is 3.06µB, implying that the dia-
4magnetic contribution is about twice as large as the spin
dipole moment. This fact, as well as the λp/λc enhance-
ment factor of the ground state shift (∆Eg), make the
Rydberg-EIT resonances highly sensitive to small varia-
tions in a high-magnetic-field background (see next sec-
tion for details).
Eight out of the ten EIT resonances that exist for the
given polarization case are present in the frequency range
covered by the coupling laser in Figs. 3(a-f). Every res-
onance satisfies Eq. 1 and has a well-defined atomic ve-
locity, v, given by
v =
λp
2pi
(
∆ωp +
∆Eg −∆Ee
h¯
)
(3)
For an EIT resonance to be visible in a spectrum with
given ∆ωp, ∆Eg and ∆Ee, the velocity v that follows
from Eq. 3 must be within the Maxwell velocity distri-
bution. Since the probe laser is locked to one of the
resonances shown in Fig. 2 in every EIT spectrum, each
spectrum has a strong resonance at its center for which
Eq. 3 yields v ≈ 0 (where the Maxwell velocity distri-
bution peaks). For the neighboring EIT resonances, the
velocities are several hundreds of meters per second, due
to their large ∆ωp. (It is seen in Fig. 2 that the spacings
between neighboring probe-laser resonances are several
hundred MHz.) Since the rms velocity of the Maxwell
velocity distribution in one dimension is about 170 m/s,
the number of atoms contributing to the neighboring EIT
resonances is greatly reduced relative to that of the cen-
ter resonance. The finite width of the velocity distribu-
tion therefore limits the number of resonances observed
in each scan to 2-4.
IV. DISCUSSION
According to Eq. 1, the paramagnetism of the ground-
and intermediate- and Rydberg-state level shifts (which
are in the Paschen-Back regime) and diamagnetism of
the Rydberg atoms in strong magnetic fields, lead to
highly magnetic-field-sensitive shifts of the Rydberg-EIT
resonances. For example, the cascade |5S1/2,mj =
−1/2〉 → |5P3/2,mj = −1/2〉 → |33S1/2,mj = 1/2〉
generates an EIT peak that shifts at 7 MHz/Gauss.
The EIT resonances accessed in this work shift at about
2.5 MHz/Gauss.
In Fig. 4, we display a calculation of magnetic-field in-
duced Rydberg-EIT resonance shifts of both 85Rb (thin
red lines) and 87Rb (bold blue lines). In the high field
regime, it is evident from Eq. 1 and Fig. 3 that the
frequency separations between 85Rb and 87Rb are de-
pendent on the magnetic field strength. This feature
arises from the Paschen-Back behavior of the |5S1/2〉 and
|5P3/2〉 levels. The two arrows in Fig. 4(b) indicate the
frequency splittings, the ratio of which we have used to
extract the magnetic field strength. We map the splitting
ratio from the experimental data in Fig. 3(c) (horizontal
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FIG. 4. (a) EIT line positions according to Eq. 1 as a function
of B for π − π or π − σ transitions from |5S1/2〉 through
|5P3/2〉 to |33S1/2〉 for
85Rb (thin red lines) and 87Rb (bold
blue lines). (b) Zoom-in of the transitions (α to θ) observed in
this work. The two arrows indicate the frequency separations,
the ratio of which we have used to extract the magnetic field
strength. (c) Splitting ratio between β − γ and γ − δ as a
function of B
arrows), using the function shown in Fig. 4(c), onto a
magnetic field of B = 0.6960 ± 0.0008 T. The field un-
certainty arises from the spectroscopic uncertainty of the
peak centers in the spectrum. From Fig. 4 it is also ev-
ident that this measurement procedure for the magnetic
field relies on the presence of both Rb isotopes in the cell.
The spectra in Fig. 3 and Fig. 5 below show that
the EIT lines exhibit an asymmetric structure. This
is in part due to the field inhomogeneities within the
measurement volume. The inhomogeneities affect the
line width (line-broadening), shift the line centers (line-
pulling), and cause the characteristic triangular shape of
the EIT resonances. The origin of these effects needs to
be reasonably well understood to confirm the accuracy
of the above magnetic-field measurement.
In order to quantitatively model the spectra, we use
a Monte Carlo simulation to find the total power loss
of the probe beam due to the photon scattering by the
atoms in the inhomogeneous magnetic field. The atoms
are excited by laser beams with Gaussian mode profiles.
To model the atomic response, the steady-state of the
excited-state population is calculated using the Lindblad
equation for the three-level cascade structure [18] with
position-dependent Rabi frequencies and magnetic-field-
dependent level shifts. In the simulation, we randomly
pick the atomic positions Ri = (Xi,Yi,Zi) from a uni-
form distribution truncated at the cell boundaries, and
velocities in x direction from a one-dimensional Maxwell
velocity distribution for 300 K (i is the atom counting
index). The B fields at positions Ri are given by the
results of the FEM field calculation shown in Fig. 1 and
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FIG. 5. (a) Zoom-in look of Fig. 3(d). (b) Monte Carlo sim-
ulation of the EIT spectrum shown in (a). (c) The magnetic
field induced EIT resonance shifts that contribute to the spec-
troscopic line-broadening and pulling for peaks ǫ, δ, γ, and
β. The vertical dashed lines indicate the line shape extension
range resulting from the inhomogeneous magnetic field inside
the cell. (Power broadening is on the order of 20 MHz). The
inset shows FEM simulated magnetic fields distribution along
x axis within the cell boundaries indicated by vertical black
lines. This distribution is off centered by 1.5 mm to reflect
possible asymmetry in the experimental setup.
in the inset of Fig. 5(c). The field-induced energy-level
shifts are taken from data sets used in Figs. 3(g-i). The
probe and coupler Rabi frequencies, Ωp(Ri) and Ωc(Ri),
are determined by the beam parameters given in Sec. II
with center Rabi frequencies, Ωp0 = 2pi × 11 MHz and
Ωc0 = 2pi × 6.8 MHz. Further, we consider the natural
isotopic mix and assume a uniform distribution of the
atoms over all mi states. The probe detuning is set to
∆ωp = (∆Ee −∆Eg)/h¯ for the peak δ at B = 0.6960T,
and the coupler detuning is varied. The spectrum is sim-
ulated using a sample of 106 randomly selected atoms.
The averaged simulated spectrum is shown in Fig. 5(b).
The simulation agrees very well with the experimental
spectrum, as shown in Fig. 5(a,b). In the present exper-
iment, the B field inhomogeneity (see Fig. 1) dominates
the line broadening. The magnetic-field variation in the
probe volume is about 35 Gauss, which corresponds to a
line broadening of ∼ 100 MHz (vertical dashed lines in
Fig. 5). The simulation also reveals that the line centers
are pulled by the same amount of −10 MHz relative to
the theoretical line positions expected for the maximum
magnetic field. Therefore, the ratio of the frequency sep-
arations indicated by the arrows in Fig. 5(b), which we
have used to determine the magnetic field in Fig. 4(c), is
unaffected by the line-pulling.
The only free parameter in the simulation is the deco-
herence rate of the Rydberg state. We have found that
this parameter has a profound effect on the depth of the
side-dips next to all EIT peaks. In order to explain the
experimentally observed spectra, we have to assume a
Rydberg dephasing rate of 2pi × 50 MHz, with an uncer-
tainty of ±10 MHz. This dephasing rate is unexpectedly
high, when compared to other Rydberg-EIT and Aulter-
Townes work [19, 20]. This large dephasing rate might
be due to free charges generated by Penning and thermal
ionization of Rydberg atoms and magnetic trapping of
the charges [21]. The origin of the dephasing is currently
under investigation.
In the simulation we ignore optical pumping from the
intermediate |5P3/2,mj = 1/2〉 into the ground level
|5S1/2,mj = −1/2〉. We believe this is justified by
the short atom-field interaction time (∼ 200 ns), which
ensures only a few scattered photons per atom. We
note that any optical pumping effects will only lead to
a global attenuation of the EIT line strengths. Fur-
ther, the EIT leads to a reduction in the probe-photon
scattering rate, modifying the optical pumping near the
EIT resonances [22]. In our case this is not expected
to substantially alter the EIT line shapes. It is noted
that optical-pumping effects could be, in principle, en-
tirely avoided by selecting the |5S1/2,mj = 1/2,mi〉
→ |5P3/2,mj = 3/2,mi〉 transition for the probe laser.
An important feature of Rydberg-EIT in strong mag-
netic fields is the large diamagnetism of the involved Ryd-
berg state. The diamagnetic enhancement enables the
detection of small variations in a large magnetic field.
Since the diamagnetic contribution to the differential
dipole moment scales as n4 × B, the sensitivity of this
measurement actually increases with the strength of the
background field, and it can also be vastly increased by
going to higher principal quantum numbers. We note
that in sufficiently high B fields and large enough n the
Rydberg-atom spectrum becomes “chaotic” [23]. The
resultant added complexity of the spectrum will make
Rydberg-EIT even more sensitive to minute variations in
large B fields.
V. CONCLUSION
In this work, we have studied vapor-cell Rydberg-
EIT in a strong magnetic field, in which ground-,
intermediate- and Rydberg-states are all in the Paschen-
Back regime. By exploiting the differential magnetic-
field-induced shifts of the 85Rb and 87Rb EIT lines,
we have measured a magnetic field of 0.6960 T with a
±0.12% uncertainty. Simulated and observed spectra
show excellent agreement. The spectra indicate an un-
usually large Rydberg-state dephasing rate, the origin of
which we intend to explore in future work. Further, the
large differential magnetic dipole moment of the diamag-
netic Rydberg levels, which scales as B, suggests that
the method holds promise for high-precision absolute and
differential measurements of strong magnetic fields. By
extending the work to even larger magnetic fields and
6higher quantum numbers, one may also explore Rydberg-
atom physics in the chaotic, high-magnetic-field regime
in vapor cell experiments.
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